In this study, we identified posttranslational regulation of human telomerase reverse-transcriptase (hTERT) by the E3 ligase Hdm2. The telomerase activity generated by exogenous hTERT in U2OS cells was reduced on adriamycin treatment. The overexpressed levels of hTERT were also decreased under the same conditions. These processes were reversed by treatment with a proteasome inhibitor or depletion of Hdm2. Furthermore, intrinsic telomerase activity was increased in HCT116 cells with ablation of Hdm2. Immunoprecipitation analyses showed that hTERT and Hdm2 bound to each other in multiple domains. Ubiquitination analyses showed that Hdm2 could polyubiquitinate hTERT principally at the N-terminus, which was further degraded in a proteasomedependent manner. An hTERT mutant with all five lysine residues at the N-terminus of hTERT that mutated to arginine became resistant to Hdm2-mediated ubiquitination and degradation. In U2OS cells, depletion of Hdm2 or addition of the Hdm2-resistant hTERT mutant strengthened the cellular protective effects against apoptosis. Similar results were obtained with the Hdm2-stable H1299 cell line. These observations indicate that Hdm2 is an E3 ligase of hTERT.
Introduction
Telomeres are specialized structures located at the end of eukaryotic chromosomes. They provide cells with genomic stability by protecting chromosomes from fusion, rearrangement and recombination with other chromosomal ends (Maser and DePinho, 2002; Blasco, 2003) . Furthermore, a group of protein complexes including Ku, MRE11, TRF1, TRF2 and POT1 are assembled around telomeres forming D-and T-loops that participate in the regulation of telomere homeostasis (de Lange, 2005) . Telomerase is a ribonucleoprotein complex composed of two major components: human telomerase reverse-transcriptase (hTERT) and integral RNA (hTERC or hTR) (Blackburn, 2000) . Telomerase is responsible for de novo synthesis of 5 0 -TT AGGG-3 0 repeats that are added to the end of telomeres, producing single-stranded 3 0 -end overhangs (McEachern et al., 2000) . The expression of human hTERT is restricted to germ cells, embryonic stem cells and most human cancer cells, even though hTR can be detected in most cells (Blasco, 2003; Harley, 2008) . Introduction of hTERT into normal human cells is associated with cellular telomerase activity and induced extension of the life span (Bodnar et al., 1998; Counter et al., 1998; Vaziri and Benchimol, 1998; Luiten et al., 2003; Roth et al., 2003) , whereas inhibition of hTERTinduced apoptosis is linked to telomere shortening (Hahn et al., 1999; Zhang et al., 1999; Teng et al., 2003) . In addition, hTERT has been implicated in promotion of cell survival and proliferation (Cao et al., 2002) . Thus, regulatory pathways of hTERT in transcriptional and posttranslational levels have been considered as a critical factor in tumorigenesis and aging (Urquidi et al., 2000; Cong and Shay, 2008) . For example, the transcriptional expression of hTERT is suppressed by p53 and Mad1, whereas Myc and Sp1, Bmi-1, E6 protein and insulin-like growth factor 1 function as positive transcriptional activators Veldman et al., 2001; Akiyama et al., 2002; Dimri et al., 2002) . Telomerase itself is also regulated by phosphorylation mediated by Akt, c-Abl and protein kinase C (Cong et al., 2002) . MKRN1, an E3 ubiquitin (Ub) ligase, promotes polyubiquitination of hTERT, resulting in suppression of telomerase activity and shortening of telomere length (Kim et al., 2005) .
Results

Hdm2 induces degradation of hTERT
The transcriptional expression of hTERT is suppressed by p53, a potent tumor suppressor (Kusumoto et al., 1999; To identify a possible posttranslational regulatory pathway between p53 and hTERT, the latter was transiently transfected into U2OS, a p53-positive osteosarcoma cell line with alternative lengthening of telomere activity. When U2OS cells were treated with chemotherapeutic agents, etoposide or adriamycin, decreased protein levels of transiently expressed hTERT with a concomitant increase in p53 and Hdm2 were observed ( Figure 1a , lanes 1-4). The decreased levels of hTERT were reversed by treatment with the proteasome inhibitor MG132 (Figure 1a , lanes 5 and 6). As U2OS expresses TERC, a telomerase RNA component, but no hTERT, the cell extracts appropriately did not show telomerase activity measured by telomeric repeat amplification protocol (TRAP) analyses ( Figure 1b , lane 1). In contrast, expression of exogenous hTERT-induced telomerase activity ( Figure 1b , lane 2), which was decreased by the addition of the selected chemotherapeutic reagents (Figure 1b, lanes 3 and 4) . Telomerase activity was recovered in the presence of MG132 (Figure 1b , lanes 5 and 6). As Hdm2 is a well-known target protein and E3 ligase of p53 (Brooks and Gu, 2006) , we suspected that Hdm2 could be involved in the above-noted processes. To ascertain this, the endogenous level of Hdm2 was depleted up to 90% by treating U2OS cells with Hdm2 small interfering RNA (siRNA) under normal or stressed conditions ( Figure 1c, lane 2) . The levels of overexpressed hTERT were reduced when treated with adriamycin ( Figure 1c, lanes 1 and 3) . Interestingly, when the levels of endogenous Hdm2 were suppressed in normal or stressed conditions, the levels of hTERT protein were significantly increased ( Figure 1c, lanes 2 and 4) . TRAP analyses also indicated that the adriamycin-induced suppression of hTERT activity was recovered by more than 2.5-fold by the depletion of Hdm2 (Figure 1d, lanes 3 and 4) .
We next used the HCT116 human colorectal carcinoma cell line, which harbors endogenous hTERT and p53. Overexpressed hTERT was degraded in a proteasomedependent manner by Hdm2 in HCT116 cells (Figure 2a) . We observed the same results in U2OS cells (data not shown). Using Hdm2 siRNA, endogenous Hdm2 proteins were depleted under stressed or normal conditions (Figure 2b) . Adriamycin treatment or Hdm2 depletion-induced accumulation of p53 and, at the same Figure 1 Stress-induced downregulation of hTERT is mediated by Hdm2. (a) Levels of hTERT-HA under stress conditions. U2OS cells were transfected with plasmids expressing hTERT-HA and were treated with 20 mM etoposide and 5 mM adriamycin for 8 h. Cells were treated with 20 mM MG132 for 4 h before harvest. Cells were lysed and immunoblotted with a-HA, a-p53, a-Hdm2 and a-b-actin antibodies. (b) Telomerase activity under stress conditions. U2OS cells were transfected and treated as described in (a). The cell extracts (30 ng) were prepared and were assayed for TRAP analyses (Kim and Wu, 1997) . PC denotes positive control. The 36 bp represents the internal TRAP assay standards. TRAP activity was measured by quantifying the relative amounts of bands in the TRAP assays after normalizing to 36 bp band using densitometry (ImageJ Software, NIH, Bethesda, MD, USA). (c) Levels of hTERT-HA under Hdm2 siRNA treatment. U2OS cells were first transfected with control or Hdm2 siRNA for 48 h, followed by transfection of plasmidexpressing hTERT-HA. Adriamycin was treated for 8 h. Lysates were subjected to immunoblotting analyses. (d) TRAP assays following suppression of Hdm2. U2OS cells were transfected and treated as described above. Telomerase activity was analyzed using TRAP assays as described above.
Hdm2 is an E3 ligase of hTERT W Oh et al time, decreased hTERT mRNA levels (Figure 2b ), consistent with previous observations (Rahman et al., 2005) . However, the same treatment increased telomerase activity up to twofold under normal conditions and up to fourfold under stress conditions (Figure 2c ). These data indicate that hTERT might be regulated posttranslationally. As the endogenous levels of hTERT were not reliably detected using currently available a-hTERT antibodies in HCT116 cells (Wu et al., 2006) , we could not investigate further the endogenous levels of hTERT under the aforementioned conditions (data not shown). Finally, we used H1299 human lung cancer cells, which have intrinsic telomerase activity but no p53.
When increasing amounts of Hdm2 were transfected into H1299 cells, exogenous hTERT was degraded in a 26S proteasome-dependent manner (Figure 2d ). The intrinsic telomerase activity measured by TRAP was also decreased in an Hdm2 concentration-dependent manner (Figure 2e ). On adriamycin treatment, there was no decrease in intrinsic telomerase activity, indicating that telomerase activity suppression did not take place without p53-induced Hdm2 expression (Figure 2f ) (Saller et al., 1999 . Cell lysates were analyzed by immunoblotting using the indicated antibodies. Plasmid-expressing green fluorescent protein (GFP) was used for control. (b) Suppression of Hdm2 in HCT116 cells. HCT116 cells were transfected with control or Hdm2 siRNA for 48 h, followed by the treatment with 5 mM adriamycin for 8 h. Cell lysates were analyzed by immunoblotting. For reverse transcription (RT)-PCR analyses, H1299 cells were transfected with control or Hdm2 siRNA as described above. hTERT and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA were detected using RT-PCR. (c) Telomerase activity during depletion of Hdm2. HCT116 cells were transfected with control or Hdm2 siRNA and treated with adriamycin as described above. Cell extracts (30 ng) were prepared and assayed for TRAP analyses (Kim and Wu, 1997) . PC denotes positive control. The 36 bp represents the internal TRAP assay standards. TRAP activity was measured by quantifying the relative amounts of bands in the TRAP assays after normalizing to 36 bp band using densitometry (ImageJ software, NIH). (d) Degradation of hTERT by Hdm2 in H1299 cells. H1299 cells were transfected with plasmids expressing hTERT-HA, GFP and Hdm2 (0.2, 0.4 and 0.8 mg) with or without MG132. The steady-state levels of hTERT were detected by western blotting. Plasmid-expressing GFP was used for control. (e) Telomerase activity under Hdm2 expression in H1299 cells. H1299 cells were transfected with increasing amounts of plasmid of Hdm2 (0.2, 0.4 and 0.8 mg). Cell lysates were analyzed for telomerase activity as described above. NC denotes negative control. TRAP analysis for NC was performed in the absence of cell extracts. (f) Effect of adriamycin on telomerase activity in H1299 cells. H1299 cells were treated with or without 5 mM adriamycin (lanes 1 and 2). Cell lysates were analyzed for telomerase activity as above. NC denotes negative control.
Hdm2 is an E3 ligase of hTERT W Oh et al hTERT are able to induce degradation of hTERT in a proteasome-dependent manner in various cell lines.
Hdm2 and hTERT have multiple binding sites for each other
The observations of Hdm2-induced hTERT degradation led us to test whether Hdm2 could interact with hTERT. Immunoprecipitation analyses using a-HA or a-Hdm2 antibodies verified this interaction (Figures 3a  and b) . To test whether endogenous proteins were able to bind to each other, we performed immunoprecipitation of endogenous Hdm2 using a-Hdm2 antibodies, followed by TRAP analyses. Immunoprecipitates formed using a-Hdm2 antibodies showed telomerase activities, indirectly indicating the interaction of endogenous Hdm2 and telomerase (Figure 3c ). Finally, using recombinant glutathione S-transferase (GST)-Hdm2 and in vitro-translated Myc-hTERT, we identified that both proteins interact with each other (Figure 3d ). Domain mapping showed that all three mutants of hTERT were able to bind to Hdm2, suggesting multiple interacting sites on hTERT capable of binding to Hdm2 (Figures 4a and b) . To determine the hTERT interaction domain of Hdm2, we constructed four fragments of Hdm2, 1-150, 1-301, 294-491 and 384-491, and assessed their interaction with hTERT. The results indicate that only the 1-301 fragment was able to bind to hTERT (Figures 4c and d) . It seems that the Hdm2 region between 150 and 301 contains a motif capable of interacting with hTERT. As Hdm2 fragment 150-301 was not expressed under our condition, we were unable to detect an interaction of this region with hTERT. Collectively, the results support the idea that Hdm2 and hTERT are able to interact with each other, possibly through multiple binding regions. The observation that immunoprecipitates in the presence of a-Hdm2 antibodies showed telomerase activity supports an interaction between telomerase and Hdm2 at endogenous levels.
Hdm2 can induce hTERT polyubiquitination Ubiquitination of hTERT was tested using hTERT-HA co-transfected with His-Ub and Hdm2 in the presence or absence of MG132. The samples were pulled down using Ni-NTA-agarose, followed by immunoblotting using a-HA antibodies (Figure 5a ). When Hdm2 was coexpressed with hTERT-HA and His-Ub in the presence of MG132, laddered patterns of ubiquitinated hTERT were observed, suggesting that Hdm2-mediated ubiquitination of hTERT could lead to hTERT degradation ( Figure 5a , lanes 3 and 4). When mutant Hdm2 D 440-491 (D ring), a mutant lacking E3 ligase activity, was used for ubiquitination analyses, no laddered patterns of polyubiquitinated hTERT were observed ( Figure 5b , lanes 3 and 4). This implies that E3 ligase activity of Hdm2 is essential for polyuiquitination of hTERT. For further confirmation, ubiquitination of hTERT was tested using FLAG-hTERT co-transfected with HA-Ub and Hdm2 in the presence or absence of MG132. Immunoprecipitation was performed by a-FLAG antibodies and immunoblotting was detected by a-HA antibodies (Supplementary Figure S1a) . When Interaction between Hdm2 and hTERT. Plasmids expressing Hdm2, hTERT-HA or both were transfected into 293T cells. Whole-cell extracts were prepared and immunoprecipitated with a-HA (a) or a-Hdm2 (b) mouse antibodies and subjected to immunoblotting assays. (c) Immunoprecipitation using a-Hdm2 antibodies, followed by TRAP analyses. Extracts of 293T cells were immunoprecipitated using a-Hdm2 or a-HA antibodies, followed by TRAP assays. Immunoprecipitation of a-HA antibodies was used as a negative control. (d) In vitro binding between hTERT and Mdm2. In vitro-translated Myc-hTERT was subjected to GST pull-down analysis using GST (lane 2) or GST-Mdm2 (lane 3). Bound proteins were detected by western blotting using anti-Myc antibody. CBB denotes GST and GST-Mdm2 used in the GST pull-down assay (lane 4 and 5).
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Hdm2 was coexpressed with FLAG-hTERT and HAUb, the amount of ubiquitinated hTERT was increased compared with FLAG-hTERT expressed only with HA-Ub (Supplementary Figure S1a , lanes 2 and 3). In the presence of MG132, a marked increase in ubiquitinated hTERT was evident, suggesting that Hdm2-mediated ubiquitination takes place (Supplementary Figure S1a , lanes 5 and 6). Furthermore, HA-Ubtagged proteins were immunoprecipitated, followed by the detection of FLAG-hTERT. The data indicated that hTERT was still ubiquitinated by Hdm2 in the presence of MG132 (Supplementary Figure S1b) . When Hdm2 D ring was used, there was no shifted band of polyubiquitinated hTERT, suggesting that Hdm2 E3 ligase activity is required (Supplementary Figure S2a , lanes 3 and 4). The size of Hdm2-mediated ubiquitinated bands of hTERT attained and even exceeded 198 kDa, consistent with polyubiquitination. To confirm this, we used His-Ub7KR, which has all the lysine sites on Ub mutated to arginine, rendering it incapable of being polyubiquitinated (Camus et al., 2007) . FLAG-hTERT co-transfected with His-Ub or His-Ub7KR in the presence or absence of Hdm2 was first pulled down with Ni-NTA agarose and immunoblotting was subsequently performed using a-FLAG antibodies to detect hTERT. The results showed clear-laddered patterns of polyubiquitinated hTERT when hTERT, His-Ub and Hdm2 were expressed together ( Figure 5c , lane 3). In contrast, hTERT co-transfected with His-Ub7KR and Hdm2 showed an intensified band around 130 kDa without any laddered bands of larger size ( Figure 5b , lane 5). As the sizes of the intensified bands approximately match a monoubiquitinated band of hTERT, it seems that the polyubiquitination process was prevented by the presence of UB7KR. Next, we tested the Hdm2 mutant C464A, which is defective in Hdm2 E3 ligase activity. C464A was able to bind to hTERT (Supplementary Figure S2b ), but was unable to induce hTERT degradation (Supplementary Figure S2c) . As expected, these mutants were unable to induce Hdm2-mediated ubiquitination of hTERT (Supplementary Figure S2d) . Accordingly, the C464A mutant was unable to suppress intrinsic telomerase activity in H1299 cells (Figure 5d ). We further observed that Mdm2 could mediate the ubiquitination of hTERT in vitro, whereas the Mdm2 Dring mutant could not (Figure 5e ). The data presented in Figures 3c and 5d , and Supplementary Figure S3b show that the interaction between Hdm2 and hTERT was not enough to negatively regulate telomerase activities. To further confirm these, we used Hdm2 fragments 1-301 and 294-491; the former bound to hTERT, whereas the latter did not. Both hTERT- Figure S3) . Overall, these results were consistent with the suggestion that Hdm2 induces the polyubiquitination of hTERT, and that E3 ligase activity of Hdm2 is essential in these processes. Moreover, the results indicate that a simple binding of Hdm2 fragment or its mutants defective in inducing ubiquitination or degradation of hTERT did not have any effects on hTERT activities.
Five lysines on the N-terminus of hTERT are required for Hdm2-mediated ubiquitination As there are multiple binding domains for Hdm2 in the N-and C-termini of hTERT, we next investigated whether Hdm2 could ubiquitinate hTERT deletion fragments. The four N-or C-terminal deletion mutants (Supplementary Figure S4a) were able to bind to Hdm2 (Supplementary Figure S4b) . Interestingly, Hdm2 was able to induce polyubiquitination of hTERT deletion mutant 1-542, whereas it did not affect 595-1132 ( Figure 6a , lanes 1-6). When 1-350 and 351-1132 fragments were used for further ubiquitination analyses, Hdm2 was only able to induce polyubiquitination on 1-350 ( Figure 6a , lanes 7-12). There are five N-terminal lysine sites at residues 78, 94, 236, 339 and 348. All the lysine sites, which are not clustered, as frequently seen for ubiquitination sites, were mutated to arginine residues. When the resulting point mutant, 5KR, was tested for polyubiquitination, Hdm2-mediated ubiquitination was significantly suppressed (Figure 6b ). Hdm2 was able to bind to 5KR when FLAG-hTERT was precipitated in the presence of Hdm2 and HA-Ub ( Figure 6b , lane 6). It seems that all five sites participate to some degree in ubiquitination, as point mutation of each site individually did not have any major effect on the intensity of Hdm2-mediated ubiquitination (data not shown). When the 5KR mutant was tested for its resistance to Hdm2-mediated degradation in H1299 cells, degradation of 5KR was markedly, but not In vitro-translated Myc-hTERT was incubated with a reaction mixture lacking E1, E2 or purified GST-Mdm2, as indicated. The reaction mixtures were resolved by 6% SDS-PAGE and polyubiquitinated hTERT was detected by western blotting using anti-Myc antibody.
completely, suppressed when compared with the degradation of wild-type hTERT ( Figure 6c , lanes 2 and 4). These observations suggest that other ubiquitination sites on hTERT might participate in the Hdm2-mediated ubiquitination process. To determine whether the observed effects could be correlated with the suppression of telomerase activity, wild-type or 5KR hTERT was transfected into U2OS cells. The transient expression of hTERT in U2OS cells was coincident with telomeric activity, which was suppressed twofold by co-transfected Hdm2 (Figure 6d , lanes 2 and 3, graph). Mutant 5KR, which showed telomerase activity, was not significantly affected by exogenous Hdm2 (Figure 6d , lanes 4 and 5, graph). Collectively, the ubiquitination and degradation data indicate that the five lysines at the N-terminus of hTERT are the major targets for Hdm2-mediated ubiquitination and subsequent degradation. Accordingly, the telomerase activity of 5KR was little affected by coexpressed Hdm2.
Anticell death activity of hTERT is suppressed by Hdm2
Extra-telomeric activities of telomerase are associated with cell death (Cong and Shay, 2008) . As hTERT overexpression protects cells from apoptosis (Hahn et al., 1999; Zhang et al., 1999; Teng et al., 2003) , we transiently overexpressed FLAG-hTERT in U2OS cells, followed by gating of cells expressing FLAG-hTERT detected by FLAG-fluorescein isothiocyanate antibodies (Supplementary Figure S6a) . The exogenous FLAG-hTERT reduced adriamycin-induced cell death from 33 to 14% in U2OS cells when compared with the control (Figure 7b , lower panels 1 and 3). As adriamycin treatment could induce increased levels of Hdm2 (Wang et al., 2009) , which would degrade hTERT ( Figure 7a , lanes 1-4), we ablated stress-induced Hdm2 proteins by introducing Hdm2 siRNA to the cells (Figure 7a , lanes 5-8). When Hdm2 siRNA treatment was coincident with expression of exogenous hTERT, adriamycininduced cell death was drastically reduced from 42 to 5% (Figure 7b , lower panels 2 and 4). The prevention of cleaved PARP and caspase-3 was consistent with the suggestion that hTERT could more strongly suppress the apoptotic process under Hdm2 depletion ( Figure 7a ). Next, hTERT-5KR was overexpressed in U2OS cells and tested for adriamycin-induced cell death. On introduction of 5KR, the proportion of Plasmids expressing FLAG-hTERT or FLAG-5KR were co-transfected into H1299 cells with plasmids expressing HA-Ub or Hdm2 in the presence of MG132. WCE was immunoprecipitated with a-FLAG antibodies and subjected to immunoblotting as described above. (c) Degradation analyses of hTERT or 5KR by Hdm2. H1299 cells were transfected with plasmids expressing FLAG-hTERT or FLAG-5KR with or without plasmids for Hdm2. The levels of hTERT were detected by immunoblotting. (d) Effects of Hdm2 on telomerase activity of 5KR. U2OS cells were transfected with plasmids expressing FLAG-hTERT or FLAG-5KR with or without plasmids for Hdm2. Telomerase activities were analyzed by TRAP assays as described in Figure 1b .
Hdm2 is an E3 ligase of hTERT W Oh et al cell populations that died was reduced from 35 to 6%, whereas wild-type hTERT reduced population death from 35 to 14% (Figure 7d and Supplementary Figure  S6b ). In accordance with these data, 5KR was resistant to Hdm2-mediated degradation and prevented cleavage of PARP and caspase-3 (Figure 7c , lanes 5 and 6).
To further confirm the role of hTERT and its regulators in suppressing cellular apoptosis, we generated two FLAG-Hdm2 stable H1299 cell lines, SC-7 and SC-10. The tagging of Hdm2 with FLAG did not affect its ability to interact, degrade and ubiquitinate hTERT (Supplementary Figures S5a-c) . The stable cell lines constitutively expressed FLAG-Hdm2 and showed suppressed levels of endogenous telomerase activity ( Supplementary Figures S5d-e) . When the stable control cell line was treated with adriamycin, 50% of the cells were found in the subG 1 fraction (Figure 8 ). In the presence of overexpressed HA-hTERT, approximately 23% of the cell populations died (Figure 8 and Supplementary Figure S6c ). When 5KR was overexpressed, the proportion of cell death dropped to 18% (Figure 8 ). In SC-7 and -10 cell lines, the protective effects of hTERT reduced the rate of cell death from 50 to 33% (Figure 8 ). Overexpression of 5KR alone was able to further suppress cell death from 50 to 19% (Figure 8 ). Collectively, these observations indicate that hTERT could have a protective role against apoptosis under the depletion of Hdm2. hTERT 5KR cells not affected by Hdm2 were more efficient than wild type in protecting cells from apoptosis.
Discussion
The antagonistic relationship between p53 and hTERT has been generally suggested at the transcriptional level (Kusumoto et al., 1999; Kanaya et al., 2000) . In contrast, the posttranslational regulatory link between p53-related mechanisms and hTERT is more tenuous (Cao et al., 2002) . In our study, we show that Hdm2, which is a target of p53, is able to function as an E3 ligase of hTERT. The findings that Hdm2 could mediate degradation of hTERT through polyubiquitination reveal how the p53 network could influence telomerase activity on the protein levels. Exogenous Hdm2 is an E3 ligase of hTERT W Oh et al hTERT introduced into U2OS alternative lengthening of telomere cells could generate telomerase activity, as U2OS cells continually produce hTERC (Cairney and Keith, 2008) . This telomerase activity, as well as the protein levels of hTERT, was suppressed by the condition that activated p53 (Figure 1 ). These processes were inhibited by the presence of proteasome inhibitor or on Hdm2 depletion. Hdm2-mediated ubiquitination and degradation analyses further confirmed that Hdm2 is indeed an E3 ligase of hTERT. Using HCT116 cell lines carrying endogenous p53, we showed that depletion of Hdm2 induced an increase in intact telomerase activity, even with a slight decrease in mRNA levels of hTERT (Figure 2 ). These results also indirectly suggest that Hdm2 might negatively regulate the levels of hTERT.
One interesting finding in this study is that Hdm2 is able to ubiquitinate the five lysine sites at the N-terminus of hTERT. Substitution of these sites with arginine did not disrupt telomerase activity (Figure 6 ). When 5KR was overexpressed in U2OS cells, followed by adriamycin treatment, it showed a potent cell protective effect against apoptotic stimuli. In contrast, the wild type showed little protective effect (Figure 7 ). Corroborating these observations, 5KR was much more effective in protecting H1299 cell lines stably overexpressing Hdm2 against adriamycin-induced cell death, when compared with wild-type hTERT (Figure 8 ). When Hdm2 was depleted in U2OS cells, the protective effects of wild-type hTERT against cell death were also greatly enhanced (Figure 7 ). Supporting this, adriamycin-mediated hTERT degradation was suppressed in the absence of Hdm2. These results indicate that the protective role of hTERT against cell death can be annihilated by the presence of Hdm2. The molecular events of anticell death processes accompanying the increased levels of hTERT in most cancer cells are not clearly defined at the moment. However, protective effects of hTERT against apoptotic processes have been described at the molecular level (Kusumoto et al., 1999; Kanaya et al., 2000; Rahman et al., 2005) .
It seems that a simple binding of Hdm2 onto hTERT cannot induce suppression of telomerase activities. Several experimental results lead to such a conclusion. For example, the Hdm2 E3 ligase-defective mutant Hdm2C464A was able to interact with hTERT but could not induce hTERT ubiquitination or suppression of telomerase activity (Figure 5d , Supplementary  Figures S2b-d) . The hTERT 5KR mutant resistant to Hdm2 degradation was still able to interact with Hdm2, but its telomerase activities were not suppressed ( Figures  6b and d) . Furthermore, Hdm2-bound hTERT was functionally active (Figure 3c ). Supporting these observations, Hdm2 fragment 1-301, which could bind to hTERT, was unable to induce ubiquitination and degradation, or suppress telomerase activities (Supplementary Figure S3 ). These results suggest that Hdm2 can regulate hTERT by ubiquitination, followed by degradation, but not merely by binding.
The present results have led us to propose a new hypothesis regarding the homeostatic regulation of hTERT. The activation of p53 by apoptotic stimulus generates a large dose of Hdm2, which in turn induces the polyubiquitination of hTERT and its subsequent degradation. In the absence of Hdm2, the cytotoxic effects of p53 are reduced because of the increased levels of hTERT and telomerase activity (Luiten et al., 2003; Rahman et al., 2005) . Hdm2 is an E3 ligase of hTERT W Oh et al
Hdm2 interacts with various proteins including Arf, PML, p21, Rb, Hif-1, E2F and p300 (Zhang and Zhang, 2005) . A majority of these proteins participate in determining cell survival, as well as death, through an intimate interplay with the p53 network. For example, the levels of Hdm2 increased by p53 lead to ubiquitination-mediated degradation of several antiapoptotic proteins such as IGF-1R, hnRNP K, p21 and Slug (Froment et al., 2008; Bouska and Eischen, 2009; Enge et al., 2009; Wang et al., 2009) . Removal of these antiapoptotic factors by Hdm2 induces cells susceptible to the apoptotic process. These observations are similar to Hdm2-mediated degradation of hTERT. As with other substrates of Hdm2, hTERT could also be considered as the most distinguished factor in determining tumorigenesis and aging. The observations that Hdm2 can posttranslationally regulate the activity of telomerase highlight the important and intricate consequences of the p53 regulatory pathway.
Materials and methods
Cell culture and transfection
Human kidney 293T, colon cancer HCT116, osteosarcoma U2OS and lung carcinoma H1299 cells were maintained in Dulbecco's modified Eagle's Medium supplemented with 10% fetal bovine serum (GIBCO-BRL, Grand Island, NY, USA) and 1% penicillin/streptomycin (Invitrogen, Carlsbad, CA, USA) at 37 1C in 5% CO 2 . HCT116 cell lines were kindly provided by Dr B Vogelstein (Johns Hopkins University, Baltimore, MD, USA). Transient transfections were performed using Lipofectamine 2000 reagent (Invitrogen) or Welfect (Welgene Biotech, Daegu, Korea) according to the manufacturer's instructions. The siRNA sequence used for the knockdown of Hdm2 was 5 0 -AATCAGCAGGAATCATCGG AC-3 0 (Carroll and Ashcroft, 2008) . The siRNA sequence used for the knockdown of hTERT was 5 0 -AACATGCGTCGCAA ACTCTTT-3 0 (Dairkee et al., 2007) . siRNA duplexes were synthesized by Qiagen-Xeragon (Germantown, MD, USA). For control experiments, control siRNA was purchased from Qiagen-Xeragon. siRNA duplexes were transfected using Lipofectamin RNAiMax (Invitrogen) according to the manufacturer's protocol. U2OS and HCT116 cells were transfected with 30 nM siRNA. At 48 h after transfection, cells were harvested and used for western blot and fluorescence-activated cell sorting analysis. To establish a FLAG-HDM2 stable cell line, pCMV-Tag2B-FLAG-PMLIV was transiently transfected into H1299 cells using Lipofectamine 2000 reagent according to the manufacturer's instructions (Invitrogen). Multiple independent single clones were selected in 500 mg/ml of G418 and checked for protein expression by immunoblotting or immunofluorescence staining with a-FLAG antibodies.
Plasmids pCR3-hTERT-HA and pcDNA3-HA-hTERT fragments (1-350 amino acid (aa), 350-1132aa, 1-542aa, 595-1132aa, 595-946aa and 946-1132aa) have been previously described (Oh et al., 2009 ). pcDNA3-FLAG-hTERT fragment was generated by polymerase chain reaction (PCR). pcDNA3-FLAG-Hdm2 was PCR amplified and generated by subcloning into the pcDNA3-FLAG vector between EcoRI and XhoI. pcDNA3-FLAG-hTERT 5KR was constructed by the Quickchange site-directed mutagenesis kit (Stratagene, LaJolla, CA, USA) as described by the manufacturer. Wild-type Hdm2 and Dring mutants were kindly provided by J Chen (H Lee Moffitt Cancer Center). Hdm2-C464A and UB7KR were provided by DP Lane (University of Dundee). Myc-tagged Hdm2 fragments were constructed by amplifying fragments using PCR, followed by subcloning into the pCS3-MT-BX vector using EcoRI and XhoI/SalI.
Antibodies and chemicals
Hdm2 (SMP-14), green fluorescent protein (FL), c-myc (9E10), HA mouse (F-7) and HA rabbit (Y-11) antibodies were purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Hdm2 (Ab-1) from oncogene and hTERT (R1187) were obtained from ACRIS antibodies (Hiddenhausen, Germany). Flag (M2), b-actin, propidium iodide and etoposide were purchased from Sigma-Aldrich (St Louis, MO, USA). Adriamycin was purchased from Duchefa (Haarlem, The Netherlands). Horseradish peroxidase-conjugated antirabbit and anti-mouse antibody were purchased from Stressgen (LaJolla, CA, USA) and Zymed Laboratories (Carlsbad, CA, USA), respectively. MG132 was obtained from Calbiochem (San Diego, CA, USA). Reverse transcription-PCR analysis was carried out as previously described (Oh et al., 2006) . The primers used were hTERT mRNA, 5 0 -GAACT TGCGGAAGACAGTGG-3 0 (sense), 5 0 -ATGCGTGAAACC TGTACGCCT-3 0 (antisense); glyceraldehyde-3-phosphate dehydrogenase, 5 0 -GAAGGTAAGGTGGGC-3 0 (sense), 5 0 -GA AGATGGTGATGGGATTTC-3 0 (antisense).
Immunoprecipitation and western blot analyses
Immunoprecipitation and western blot analyses were carried out as previously described (Oh et al., 2006) . In brief, cells were lysed in buffer containing 150 mM NaCl, 1 mM EDTA, 0.5 % Triton X-100, 20 mM Tris-HCl (pH 7.5) and protease inhibitor cocktail. Total cell lysates were incubated with specific antibody for 2 h at 4 1C, followed by the addition of protein G-agarose (Amersham Biosciences, Piscataway, NJ, USA). Samples were incubated for 2 h at 4 1C, precipitated, washed three times and dissolved in sample buffer. Total cell lysates and immunoprecipitates were obtained.
In vitro pull-down assays In vitro pull-down assays were performed by incubating equal amounts of GST or GST-Mdm2 fusion proteins immobilized onto glutathione-sepharose beads with in vitro-translated hTERT. The mixture was placed on a rocking platform for 90 min in binding buffer (20 mM Tris-HCl, pH 7.5, 1.5 mM MgCl 2 , 100 mM NaCl, 0.05% Nonidet P-40) and was then washed three times. Bound proteins were eluted and separated by 8% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), followed by western blotting using anti-Myc antibody.
In vivo ubiquitination and deubiquitination assays At 20 h after transfection, 293T cells were treated with 10 mM MG132 for 4 h and lysed. Total cell lysates were incubated with FLAG or c-myc antibodies and then precipitated with G beads at 4 1C for 2 h. Beads containing bound protein were washed and used for the aforementioned SDS-PAGE, nitrocellulose transfer and western blotting. For His pulldown ubiquitination assay, MG132 was added to transfected cells 4 h before harvesting. Western blotting was performed as described above.
In vitro ubiquitination assay His-Ubc5c and GST-Mdm2 fusion proteins were expressed in Escherichia coli BL21(DE3), and were purified by affinity chromatography using His-Bind Quick Column and glutathione-sepharose, respectively. For the in vitro ubiquitination assay, in vitro-translated Myc-hTERT was added to the ubiquitination reaction mixture (final volume 30 ml), which contained 40 mM Tris-HCl, pH 7.6, 5 mM MgCl 2 , 1mM adenosine triphosphate, 0.4 mM dithiothreitol, 8 mg of Ub (Sigma-Aldrich), 0.5 mg of E1 (Boston Biochem, Cambridge, MA, USA), 1 mg of His-Ubc5c and 0.2 mg of purified GSTMdm2. The reactions were incubated for 60 min at 37 1C, and were terminated by boiling in SDS sample buffer. The reaction mixtures were resolved by 6% SDS-PAGE. The ubiquitinated hTERT proteins were detected by western blotting using anti-Myc antibody.
Fluorescence-activated cell sorting analysis Cells were harvested using trypsin, fixed with 3.65% formaldehyde and permeabilized with 90% methanol. Cells were washed with phosphate-buffered saline, incubated with fluorescein isothiocyanate-conjugated a-FLAG (F4049, Sigma-Aldrich) or a-HA antibodies (sc7392-fluorescein isothiocyanate, Santa Cruz Biotechnology) for 1 h at 37 1C and stained with 50 mg/ml propidium iodide in the presence of 40 mg/ml RNase A for 1 h at 37 1C. Fluorescein isothiocyanatepositive cells (FLAG or HA-expressing cells) were first gated as indicated in the Supplementary Figure S6 , and then DNA contents were measured using a fluorescence-activated cell sorting Vantage cytofluorometer (Becton-Dickinson, Franklin Lakes, NJ, USA). Data were analyzed using CellQuest Pro software (Becton-Dickinson).
TRAP assay TRAP was performed as previously described (Kim and Wu, 1997) . Briefly, cells were lysed with 1X CHAPS lysis buffer (Chemicon International, Temicula, CA, USA) containing RNase inhibitor on ice for 30 min. After centrifugation at 13 000 revolutions per minute for 10 min, the protein concentration in the supernatant was determined before incubation at 30 1C for 20 min for telomere extension. The extended products were PCR amplified using TS and ACX primers for 33 cycles (denaturation at 94 1C for 30 s, annealed at 59 1C for 30 s and extended at 72 1C for 60 s). NT and TSNT primers were added as an internal control. The PCR products were separated by 12.5% nondenaturing PAGE in 0.5 Â TBE. Silver staining was carried out as previously described (Dalla Torre et al., 2002) . After electrophoresis, the gels were fixed with a solution containing 0.5% acetic acid and 10% ethanol for 15 min and stained with 0.2% AgNO 2 for 10 min. The stained gel was quickly washed and developed with 0.1% formaldehyde and 3% NaOH for 20 min.
